Introduction
============

Lung cancer continues to be one of the top five causes of cancer-related mortality, with non-small cell lung cancer (NSCLC) being the most common subtype. This category is subdivided further based on pathology into adenocarcinoma and squamous-cell and large-cell NSCLC. When diagnosed early (stage I and stage II NSCLC) and surgically resectable, it generally has a good prognosis. However, the treatment of advanced, recurrent, and metastatic NSCLC is often associated with significantly poorer prognosis. While the first-line treatment consists of surgery followed by systemic cytotoxic chemotherapy, and/or radiation therapy, recent advances in understanding of cancer biology and immunology have spurred the development of numerous targeted therapies ([Figure 1](#f1-tcrm-13-223){ref-type="fig"}) with the potential to dramatically improve overall survival (OS) in specific NSCLC populations.[@b1-tcrm-13-223] Several of these targeted agents are linked to genomic abnormalities in the tumor tissue, and it has now become part of the standard of care to test patients who are candidates for systemic drug therapies for the presence of such mutations.[@b1-tcrm-13-223] More recently, a class of immune modulatory drugs targeting the immunoinhibitory (ie, immune checkpoint) pathways has demonstrated remarkable durable remissions in a select minority of advanced NSCLC patients, potentially heralding the elusive "cancer cure". This review focuses on the clinical evidence for one of these agents, nivolumab, and clarifies the role of this drug in the context of the other targeted therapies ([Tables 1](#t1-tcrm-13-223){ref-type="table"} and [2](#t2-tcrm-13-223){ref-type="table"}) currently available for the treatment of NSCLC. We also discuss the impact of nivolumab on patient quality of life and health economics.

Epidermal growth factor receptor (EGFR)-targeted therapies
==========================================================

One of the first therapeutic targets in NSCLC is the EGFR, a tyrosine kinase receptor, which typically plays a role in promoting epidermal growth, organogenesis, and proliferation. In some patients, EGFR is overexpressed in tumors suggesting that it may play a role in driving tumor progression, and it has proven to be an important target in the treatment of colorectal and other cancers.[@b2-tcrm-13-223] However, in NSCLC, EGFR overexpression alone did not correlate with response to therapy, and rather it was the presence of specific EGFR mutations in tumors that predicted therapeutic benefits. Approximately 15% of Caucasian patients and up to 40% of Asian patients have EGFR-mutated tumors. Up to 90% of these are mutations in exons 19 and 21, resulting in a constitutively active tyrosine kinase. Interestingly, EGFR-mutated NSCLC is most common in Asian women who have never been smokers and appears to be mutually exclusive of other oncogenic mutations such as anaplastic lymphoma kinase (ALK) aberrations in tyrosine kinase inhibitor (TKI)-naive patients. The EGFR inhibitors are composed of two classes of therapeutics: monoclonal antibodies and small molecule TKIs. In general, they have been shown to improve objective response rates (ORRs) and progression-free survival (PFS) rates and were associated with better patient quality of life and tolerability than cytotoxic chemotherapy. The monoclonal antibodies targeting EGFR have only been studied in an unselected advanced NSCLC population and did not appear to be as efficacious as the TKIs; however, there have been no head-to-head studies. The TKIs are indicated for advanced NSCLC patients having the EGFR-sensitizing mutations in exon 19 or 21. However, the majority of patients who initially respond will develop drug resistance within 12 months, which limits the utility of this class of drugs for long-term therapy.[@b3-tcrm-13-223],[@b4-tcrm-13-223]

Monoclonal antibodies targeting EGFR
====================================

Cetuximab
---------

Cetuximab (Erbitux^®^; Eli Lilly and Company, Indianapolis, IN, USA), a monoclonal antibody targeting EGFR approved for head and neck cancers as well as colorectal cancer, has shown activity in patients with NSCLC.[@b5-tcrm-13-223] The First-Line Erbitux in Lung Cancer (FLEX) trial was a multinational, multicenter, open-label, Phase III study of 1,125 patients with wet stage IIIB or stage IV NSCLC.[@b6-tcrm-13-223] The addition of cetuximab to chemotherapy (cisplatin and vinorelbine) versus chemotherapy alone showed a minor but significant improvement in OS.[@b6-tcrm-13-223] The median OS was 11.3 months for patients treated with chemotherapy and cetuximab versus 10.1 months for patients treated with chemotherapy alone (hazard ratio \[HR\] =0.871, 95% confidence interval \[CI\]: 0.762--0.996, *P*=0.044).[@b6-tcrm-13-223] Rash was the main adverse event experienced with patients on cetuximab.[@b6-tcrm-13-223] Although the results of this study were statistically significant, a separate study found no difference between chemotherapy alone and chemotherapy with the addition of cetuximab, and the US Food and Drug Administration (FDA) has not approved cetuximab for any indication involving NSCLC.

Necitumumab
-----------

Necitumumab (Portrazza^®^; Eli Lilly and Company) is an anti-EGFR recombinant human monoclonal antibody indicated, in combination with gemcitabine and cisplatin, for the first-line treatment of patients with metastatic squamous NSCLC originally approved in 2015.[@b7-tcrm-13-223] The FDA-approved dose is 800 mg intravenous (IV) over 60 minutes on days 1 and 8 each 3-week cycle. Necitumumab received its FDA approval based on a randomized, open-label, Phase III study of 1,093 patients with stage IV squamous NSCLC who had not received previous chemotherapy for their disease.[@b8-tcrm-13-223] The addition of necitumumab to chemotherapy (gemcitabine and cisplatin) versus chemotherapy alone showed a significant improvement in OS. The median OS was 11.5 months for patients treated with chemotherapy and necitumumab versus 9.9 months for patients treated with chemotherapy alone (HR =0.84, 95% CI: 0.74--0.96, *P*=0.01).[@b8-tcrm-13-223] A significant improvement in PFS was also seen in patients receiving necitumumab and chemotherapy (5.7 months) versus chemotherapy alone (5.5 months, HR =0.85, 95% CI: 0.74--0.98, *P*=0.02).[@b8-tcrm-13-223] The most common adverse events experienced with the addition of necitumumab were rash and hypomagnesemia.[@b8-tcrm-13-223] These improvements in OS and PFS are not as clinically significant as the EGFR-targeted TKIs, and consequently, necitumumab is not as widely utilized.

TKIs targeting EGFR
===================

Erlotinib
---------

Erlotinib (Tarceva^®^; Genentech, South San Francisco, CA, USA), originally approved by the FDA in 2004, is a first-generation TKI that binds reversibly to EGFR.[@b9-tcrm-13-223] It is currently approved for the first-line treatment of patients with metastatic NSCLC whose tumors have EGFR exon 19 deletions or exon 21 substitution mutations. The FDA-approved dose is 150 mg orally once daily taken on an empty stomach. Erlotinib received its approvals based on three sentinel trials. The first trial was an international, Phase III, randomized, double-blind, placebo-controlled study of 731 patients with stage IIIB or IV NSCLC who have failed first-line or second-line chemotherapy. Erlotinib showed a significant improvement in OS versus placebo.[@b10-tcrm-13-223] The median OS was 4.7 months in the placebo group versus 6.7 months in the erlotinib group (HR =0.70, 95% CI: 0.58--0.85, *P*\<0.001). A significant improvement in PFS was also seen in patients receiving erlotinib (2.2 months) versus placebo (1.8 months, HR =0.61, 95% CI: 0.51--0.74, *P*\<0.001). Patients receiving erlotinib experienced more rash, anorexia, stomatitis, diarrhea, ocular toxicity, and infections compared to patients receiving placebo.[@b10-tcrm-13-223] The second trial (Sequential Tarceva in Unresectable NSCLC \[SATURN\] study) was a multicenter, Phase III, randomized, placebo-controlled study of 889 patients with NSCLC that has not progressed following four cycles of platinum-based chemotherapy.[@b11-tcrm-13-223] Erlotinib showed a significantly longer median PFS than placebo (12.3 weeks versus 11.1 weeks, HR =0.71, 95% CI: 0.62--0.82, *P*\<0.0001). Furthermore, median PFS was significantly longer in EGFR-positive patients receiving erlotinib (12.3 weeks) versus EGFR-positive patients receiving placebo (11.1 weeks, HR =0.69, 95% CI: 0.58--0.82, *P*\<0.0001). The most common adverse effects seen with erlotinib were rash, diarrhea, anorexia, and infections.[@b11-tcrm-13-223] The third trial (European patients with advanced EGFR mutation-positive NSCLC \[EURTAC\] study) was a multicenter, Phase III, randomized, open-label study of 174 patients with stage IIIB (with pleural effusions) or stage IV NSCLC and EGFR mutations (exon 19 deletion or L858R mutation in exon 21) with no history of chemotherapy for metastatic disease.[@b12-tcrm-13-223] The addition of erlotinib to chemotherapy (cisplatin or carboplatin plus docetaxel or gemcitabine) resulted in a significant improvement in PFS compared to chemotherapy alone (9.7 versus 5.2 months, HR =0.37, 95% CI: 0.25--0.54, *P*\<0.0001). The most common adverse effects seen with the addition of erlotinib to chemotherapy were rash and diarrhea.[@b12-tcrm-13-223]

Gefitinib
---------

Gefitinib (Iressa^®^; AstraZeneca, Wilmington, DE, USA) is also a first-generation TKI binding reversibly to EGFR. It initially received accelerated approval by the FDA in 2003 as monotherapy for the treatment of patients with advanced NSCLC after the failure of both platinum- and docetaxel-based therapies based on preliminary results showing an ORR of nearly 15% in a refractory unselected patient population.[@b13-tcrm-13-223] Based on the results from the Iressa Survival Evaluation in Lung Cancer (ISEL) trial where gefitinib failed to demonstrate a significant improvement in OS versus placebo, the FDA updated its label in June 2005 restricting use to patients who, in the opinion of their treating physician, are currently benefiting or have previously benefited from gefitinib. The new drug application for the accelerated approval of gefitinib was withdrawn voluntarily in April 2012, but the knowledge of patients with EGFR-mutated NSCLC deriving benefit from gefitinib was mounting. Ultimately, the FDA reapproved gefitinib in 2015 for the first-line treatment of patients with metastatic NSCLC whose tumors have EGFR exon 19 deletions or exon 21 (L858R) substitution mutations.[@b14-tcrm-13-223] The FDA-approved dose is 250 mg orally once daily with or without food. Gefitinib received its approval based on two studies. The first study, the Iressa Follow-Up Measure Study (IFUM) study, was a Phase IV, open-label, single-arm study of 106 patients with stage IIIA/B/IV, EGFR-positive NSCLC.[@b15-tcrm-13-223] The ORR, the study's primary endpoint, was 69.8% (95% CI: 60.5--77.7). Secondary endpoints included disease control rate (DCR) (90.6%; 95% CI: 83.5--94.8), median PFS (9.7 months; 95% CI: 8.5--11.0), and median OS (19.2 months; 95% CI: 17.0--not reached). The most common adverse events experienced were rash and diarrhea.[@b15-tcrm-13-223] The second study was an exploratory analysis of a randomized, Phase III, multicenter, open-label trial of 228 patients of chemotherapy-naive advanced NSCLC with sensitive EGFR mutations (NEJ002 study).[@b16-tcrm-13-223] The updated median PFS showed a significant improvement with gefitinib (10.8 months) versus carboplatin/paclitaxel (5.4 months, HR =0.32, 95% CI: 0.24--0.44, *P*\<0.001). The updated median OS showed no difference between gefitinib (27.7 months) and carboplatin/paclitaxel (26.6 months, HR =0.89, 95% CI: 0.63--1.24, *P*=0.483). Rash and diarrhea were commonly seen with gefitinib.

Afatanib
--------

Afatanib (Gilotrif^®^; Boehringer Ingelheim, Ridgefield, CT, USA) is a second-generation TKI that binds irreversibly to wild-type EGFR and mutated EGFR, with the latter being inhibited at a lower threshold than the wild-type form. It was approved by the FDA in 2013 and is indicated for the first-line treatment of patients with metastatic NSCLC whose tumors have EGFR exon 19 deletions or exon 21 (L858R) substitution mutations.[@b17-tcrm-13-223] The FDA-approved dose is 40 mg orally once daily on an empty stomach. Afatanib received its approval based on a Phase III, randomized, open-label study of 364 treatment-naive patients with stage IIIB or IV, EGFR-positive NSCLC.[@b18-tcrm-13-223] Afatanib had a significantly longer median PFS (11.0 months) versus gemcitabine/cisplatin (5.6 months, HR =0.28, 95% CI: 0.20--0.39, *P*\<0.0001). Diarrhea, rash, stomatitis/mucositis, paronychia, epistaxis, pruritus, decreased appetite, and fatigue were seen most often with afatanib.

Osimertinib
-----------

Osimertinib (Tagrisso^®^; AstraZeneca) is a third-generation TKI originally approved by the FDA in 2015 and is indicated for the treatment of patients with metastatic EGFR T790M mutation-positive NSCLC who have progressed on or after EGFR TKI therapy.[@b19-tcrm-13-223] The FDA-approved dose is 80 mg orally once daily with or without food. The significance of this approval is that it overcomes the EGFR T790M resistance mutation, a substitution of threonine with methionine at amino acid position 790 on EGFR, which accounts for 60% of acquired resistance to EGFR TKIs.[@b20-tcrm-13-223] Original approval came from two multicenter, single-arm, open-label, Phase II trials consisting of T790M-positive advanced NSCLC patients who progressed on EGFR TKI therapy.[@b19-tcrm-13-223] Recently updated data from a preplanned pooled analysis of these two Phase II studies, consisting of 411 patients, showed an ORR of 66% (95% CI: 61--71), a median duration of response of 12.5 months (95% CI: 11.1 months to--not reached), and a median PFS of 11.0 months (95% CI: 9.6--12.4).[@b21-tcrm-13-223] Common adverse events with osimertinib were rash and diarrhea. Although osimertinib was developed to overcome acquired resistance to first- and second-generation TKIs, it is increasingly evident that acquired resistance to even the third-generation TKI is possible through mechanisms such as the C797S mutation in exon 20 that impairs covalent binding of the drug to EGFR.

ALK-targeted therapies: TKIs targeting ALK
==========================================

ALK is a tyrosine kinase that is typically not expressed in normal adult lung tissue and is therefore not normally active. However, \~5% of patients with NSCLC have tumors that harbor ALK mutations. The most common genetic variant is a rearrangement and fusion of ALK with echinoderm microtubule-associated protein-like 4 (EML4), resulting in a constitutively active tyrosine kinase. This leads to increased mitosis, survival, and antiapoptotic signals to the nucleus of the cells, thereby driving oncogenesis.[@b22-tcrm-13-223] Interestingly, EML4--ALK mutations are most common in patients who have either smoked lightly or never smoked and are mutually exclusive of the EGFR-sensitizing mutations in TKI-naive patients.[@b22-tcrm-13-223],[@b23-tcrm-13-223] Currently, there are three FDA-approved ALK-targeted TKIs. In general, they have shown improved ORR and PFS compared to chemotherapy, but like the EGFR-targeted TKIs, acquired resistance can arise through ALK mutations (L1196M, F1174L, and G1202R) and activation of other oncogenic pathways.[@b24-tcrm-13-223]

Crizotinib
----------

Crizotinib (Xalkori^®^; Pfizer, New York, NY, USA) is a multikinase inhibitor and binds ALK, hepatocyte growth factor receptor (HGFR; c-Met), ROS proto-oncogene 1 (ROS1), and recepteur d'origine nantais (RON). It was the first TKI approved for ALK-positive advanced or metastatic NSCLC.[@b25-tcrm-13-223] The FDA-approved dose is 250 mg orally twice daily with or without food. Crizotinib received its approval based on two clinical trials.[@b26-tcrm-13-223] The first trial was a multicenter, single-arm, Phase I study consisting of 116 evaluable patients with ALK-positive advanced NSCLC. The ORR was 61% (95% CI: 52--70) with two complete responses and 69 partial responses. The median duration of response (DOR) was 48.1 weeks (range: 4.1--76.6 weeks). The second trial was a multicenter, single-arm, Phase II study consisting of 135 evaluable patients with ALK-positive advanced NSCLC who had progression after at least one line of chemotherapy. The ORR was 50% (95% CI: 42--59) with one complete response and 67 partial responses. The median DOR was 33.1 weeks. The efficacy of crizotinib was later confirmed in two randomized, Phase III trials, 347 patients in PROFILE 1007 (crizotinib versus docetaxel or pemetrexed chemotherapy in the second-line setting)[@b27-tcrm-13-223] and 343 patients in PROFILE 1014 (crizotinib versus combination of platinum and pemetrexed chemotherapy in the first-line setting).[@b28-tcrm-13-223] In the first-line setting, crizotinib demonstrated superior ORR (74% versus 45%) and PFS (10.9 versus 7.0 months). Similar results were also reported in the second-line setting with an improved ORR (65% versus 20%) and PFS (7.7 versus 3.0 months). Crizotinib was also associated with better patient quality of life compared to cytotoxic chemotherapy. Visual disorders, nausea, vomiting, diarrhea, constipation, edema, fatigue, decreased appetite, dizziness, cough, and dyspnea were commonly seen with crizotinib. Crizotinib is currently the first-line standard of care for advanced ALK-positive NSCLC patients.

More recently, the anticancer efficacy of crizotinib was investigated in metastatic NSCLC patients expressing genetic aberrations in ROS1, typicallŷ1%--2% of TKI-naive NSCLC patients. In this Phase I study of 50 patients with ROS1-positive tumors treated with crizotinib at the standard dose, the ORR was 72% with three complete responses and 33 partial responses, with similar tolerability as ALK-positive NSCLC patients.[@b29-tcrm-13-223] Based on these data, crizotinib was also approved for use in this second molecular subgroup of NSCLC.

Ceritinib
---------

Ceritinib (Zykadia^®^; Novartis, East Hanover, NJ, USA) is the second TKI approved for patients with ALK-positive metastatic NSCLC who have progressed on or are intolerant to crizotinib.[@b2-tcrm-13-223] The FDA-approved dose is 750 mg orally once daily on an empty stomach. Ceritinib received its approval based on a multicenter, single-arm, open-label, Phase I study consisting of a subset of 163 patients who had advanced or metastatic NSCLC and failed crizotinib.[@b30-tcrm-13-223] The ORR was 56% (95% CI: 49--64) with two complete responses and 87 partial responses. The median DOR was 8.3 months (95% CI: 6.8--9.7). Adverse events reported were diarrhea, nausea, vomiting, abdominal pain, and fatigue.[@b30-tcrm-13-223]

Alectinib
---------

Alectinib (Alecensa^®^; Genentech), originally approved by the FDA in 2015, is a central nervous system (CNS)-active TKI indicated for the treatment of patients with ALK-positive metastatic NSCLC who have progressed on or are intolerant to crizotinib.[@b3-tcrm-13-223] The FDA-approved dose is 600 mg orally twice daily with food. Alectinib received its approval based on two small Phase II clinical trials.[@b23-tcrm-13-223],[@b31-tcrm-13-223] The first trial was a multi-center, single-arm, Phase II study consisting of 87 patients with ALK-positive stage IIIB-IV NSCLC who had progressed after crizotinib.[@b31-tcrm-13-223] The ORR was 52% (95% CI: 40--65) with 35 partial responses, and the median DOR was 13.5 months (95% CI: 6.7 to not reached).[@b31-tcrm-13-223] Of the 16 patients who had measurable CNS disease according to RECIST at baseline, 12 patients achieved an intracranial objective response (75%; 95% CI: 48--93) with four complete CNS responses and eight partial CNS responses.[@b31-tcrm-13-223] The median duration of response was 11.1 months (95% CI: 5.8--11.1).[@b31-tcrm-13-223] CNS DCR occurred in all 16 patients (100%; 95% CI: 79--100).[@b31-tcrm-13-223] Of the 52 patients who had measurable or nonmeasurable baseline CNS disease, 21 patients (40%; 95% CI: 27--55) achieved an objective response including 13 patients (25%) who demonstrated a complete response.[@b31-tcrm-13-223] The second trial was a global, single-arm, Phase II study consisting of 138 patients with advanced or metastatic NSCLC who had progressed after crizotinib.[@b23-tcrm-13-223] The ORR was 50% (95% CI: 41--59) with 61 patients achieving a partial response, and the median DOR was 11.2 months (95% CI: 9.6 to not reached).[@b23-tcrm-13-223] Of the 84 patients with CNS metastases at baseline, 23 patients (27%) achieved a CNS complete response and the DOR was 10.3 months (95% CI: 7.6--11.2).[@b23-tcrm-13-223] Of the 35 patients with measurable CNS disease at baseline, the CNS ORR was 57% (95% CI: 39--74) and seven patients achieved a CNS complete response.[@b23-tcrm-13-223] Constipation, fatigue, myalgia, and peripheral edema were the adverse effects that patients experienced with alectinib.[@b23-tcrm-13-223],[@b31-tcrm-13-223]

VEGF- and VEGFR-targeted therapies
==================================

While the EGFR- and ALK-targeted therapies have significantly improved survival rates in eligible NSCLC molecular subtypes, many patients do not have these mutations and are not candidates for these agents.[@b32-tcrm-13-223] Since tumor progression is widely believed to require tumor neoangiogenesis, this pathway was also targeted for drug development.[@b33-tcrm-13-223] In particular, the vascular endothelial growth factor receptor (VEGFR) pathway plays a critical role in angiogenesis and has been successfully targeted in many solid cancers including lung cancer.[@b33-tcrm-13-223] Currently, there are only two angiogenesis inhibitors approved by the FDA for advanced NSCLC, and both are monoclonal antibodies.[@b5-tcrm-13-223],[@b34-tcrm-13-223]

Bevacizumab
-----------

Bevacizumab (Avastin^®^; Genentech) was approved in 2006, in combination with carboplatin and paclitaxel, for the first-line treatment of unresectable, locally advanced, recurrent, or metastatic NSCLC.[@b32-tcrm-13-223] Bevacizumab directly binds to vascular endothelial growth factor A (VEGFA) to prevent the interaction of VEGF with its receptors on the surface of cells. The FDA-approved dose is 15 mg/kg intravenously every 3 weeks in combination with carboplatin and paclitaxel.[@b5-tcrm-13-223] Bevacizumab received its FDA approval based on a randomized, open-label, Phase III study of 878 patients with recurrent or advanced NSCLC (stage IIIB or IV).[@b5-tcrm-13-223] The addition of bevacizumab to chemotherapy (carboplatin and paclitaxel) versus chemotherapy alone showed a significant improvement in OS. The median OS was 12.3 months with chemotherapy and bevacizumab versus 10.3 months for patients treated with chemotherapy alone (HR =0.79, 95% CI: 0.67--0.92, *P*=0.003). A significant improvement in PFS was also seen in patients receiving bevacizumab and chemotherapy (6.2 months) versus chemotherapy alone (4.5 months, HR =0.66, 95% CI: 0.57--0.77, *P*\<0.001). Bleeding events were greater in those receiving bevacizumab and chemotherapy (4.4%) versus chemotherapy alone (0.7%; *P*\<0.001). Furthermore, patients receiving bevacizumab and chemotherapy experienced more neutropenia, thrombocytopenia, hyponatremia, hypertension, proteinuria, headaches, and rash compared to patients receiving chemotherapy alone.[@b5-tcrm-13-223]

Ramucirumab
-----------

Ramucirumab (Cyramza^®^; Eli Lilly and Company) directly binds the VEGFR-2 receptor and was approved in 2014, in combination with docetaxel for the treatment of patients with metastatic NSCLC with disease progression on or after platinum-based chemotherapy.[@b32-tcrm-13-223] This was based on a Phase III trial (REVEL) comparing ramucirumab with docetaxel versus docetaxel monotherapy in 1,253 patients showing a significant improvement in ORR (23% versus 14%, *P*\<0.001), PFS (4.5 versus 3.0 months, *P*\<0.001), and OS (10.5 versus 9.1 months, *P*=0.024).[@b34-tcrm-13-223] Ramucirumab is administered at 10 mg/kg with docetaxel 75 mg/kg every 3 weeks, with the most common adverse effects being myelosuppression, mucositis, and fatigue/asthenia.[@b34-tcrm-13-223]

Immune checkpoint inhibitors
============================

It is increasingly recognized that the immune system plays critical roles in the development and progression of cancer. It is now well established that tumors have numerous mechanisms of suppressing the antitumor immune response, including production of inhibitory cytokines, recruitment of immunosuppressive immune cells, and upregulation of coinhibitory receptors known as immune checkpoints.[@b35-tcrm-13-223] Under normal physiological conditions, the immune checkpoints serve to inhibit immune responses against self-antigens, thereby preventing unwanted autoimmunity. However, these inhibitory pathways are upregulated in many cancers and immune checkpoints play critical roles in cancer-associated immune suppression and immune evasion.[@b36-tcrm-13-223] Currently, the most clinically successful of these approaches are the immune checkpoint inhibitors targeting the programmed cell death 1 (PD-1) and cytotoxic T-lymphocyte-associated molecule 4 (CTLA-4) pathways.[@b37-tcrm-13-223]

PD-1/PD-L1-targeted therapies
=============================

PD-1 is a cell surface receptor that is found on numerous immune cells such as T cells, B cells, and natural killer cells.[@b36-tcrm-13-223],[@b37-tcrm-13-223] Its main function is to limit T-cell activity during an infection or an inflammatory response. Cancer cells can upregulate this receptor and anergize T cells that come into contact with the tumor. In addition, regulatory T cells in tumors are thought to further suppress immune function within the tumor microenvironment. Blockade of the PD-1 pathway is thought to increase antitumor immune function in T cells, enhance natural killer-cell activity, and enhance antibody production in PD-1 + B cells.[@b36-tcrm-13-223],[@b37-tcrm-13-223] Currently, there are three PD-1/PD-L1 inhibitors available, nivolumab and pembrolizumab which target PD-1 receptors, and atezolizumab which targets PD-L1, a ligand for the PD-1 receptor. Both nivolumab and pembrolizumab have been shown to have a significantly increased PFS and OS compared to conventional chemotherapy and are approved for the second-line treatment of NSCLC. However, pembrolizumab is also approved for the first-line treatment of NSCLC, although it requires PD-L1 testing in patients whereas nivolumab does not.[@b38-tcrm-13-223],[@b39-tcrm-13-223]

Nivolumab
---------

Nivolumab (Opdivo^®^; Bristol-Myers Squibb, Princeton, NJ, USA), a PD-1 receptor inhibitor, is the first immune checkpoint inhibitor approved for metastatic NSCLC with progression on or after platinum-based chemotherapy.[@b6-tcrm-13-223] The FDA-approved dose is 3 mg/kg intravenously every 2 weeks. Two Phase III trials led to nivolumab's approval. The first trial was the CheckMate-017 trial, a randomized, open-label, international, Phase III study consisting of 272 patients with stage IIIB or IV squamous-cell NSCLC who had disease recurrence after one prior platinum-containing regimen.[@b39-tcrm-13-223] Nivolumab showed significant improvement in OS versus docetaxel. The median OS was 9.2 months (95% CI: 7.3--13.3) with nivolumab versus 6.0 months (95% CI: 5.1--7.3) with docetaxel (HR =0.59, 95% CI: 0.44--0.79, *P*\<0.001). The ORR favored nivolumab (20%) over docetaxel (9%, *P*=0.008). The median PFS was 3.5 months with nivolumab versus 2.8 months with docetaxel (HR =0.62, 95% CI: 0.47--0.81, *P*\<0.001). The most common adverse events seen with nivolumab were fatigue, decreased appetite, and asthenia versus docetaxel patients experiencing neutropenia, fatigue, alopecia, and nausea more often. Subgroup analyses showed that patients with at least 5% PD-L1 expression had an increase in OS with nivolumab over docetaxel. The second trial, the CheckMate-057 trial, was a randomized, open-label, international, Phase III study consisting of 582 patients with stage IIIB, IV, or recurrent nonsquamous NSCLC after radiation therapy or surgical resection who also had disease progression or recurrence during or after one prior platinum-based doublet regimen.[@b38-tcrm-13-223] Nivolumab had a significant improvement in OS over docetaxel. The median OS was 12.2 months (95% CI: 9.7--15.0) with nivolumab versus 9.4 months (95% CI: 8.1--10.7) with docetaxel (HR =0.73, 95% CI: 0.59--0.89, *P*=0.002). The ORR favored nivolumab (19%; 95% CI: 15--24) over docetaxel (12%; 95% CI: 9--17, *P*=0.02). The median PFS was 2.3 months in the nivolumab group versus 4.2 months in the docetaxel group (HR =0.92, 95% CI: 0.77--1.11, *P*=0.39). PD-L1 expression was also monitored, and in patients with at least 5% expression, there was an increase in OS with nivolumab over docetaxel. The adverse effects most frequently reported with nivolumab were fatigue, nausea, decreased appetite, and asthenia versus docetaxel patients experiencing neutropenia, fatigue, nausea, and alopecia. As of August 2016, results from the CheckMate-026 trial, investigating the use of nivolumab as monotherapy in patients with previously untreated advanced NSCLC whose tumors expressed PD-L1 of at least 5%, did not meet its primary endpoint of PFS as compared to investigator's choice chemotherapy (gemcitabine/cisplatin, gemcitabine/carboplatin, or paclitaxel carboplatin in squamous NSCLC and pemetrexed/cisplatin or pemetrexed/carboplatin in non-squamous NSCLC).[@b40-tcrm-13-223] However, the impact on OS remains to be determined.

Pembrolizumab
-------------

Pembrolizumab (Keytruda^®^; Merck, Whitehouse Station, NJ, USA), another PD-1 receptor inhibitor, is the second immune checkpoint inhibitor granted accelerated approval from the FDA for the treatment of metastatic NSCLC whose tumors express PD-L1 as determined by an FDA-approved test and who have disease progression on or after platinum-containing therapy.[@b13-tcrm-13-223] The FDA-approved dose is 2 mg/kg intravenously every 3 weeks. Approval was based on the KEYNOTE-001 trial, an international, Phase I trial of 495 patients with advanced or metastatic NSCLC receiving 2 mg/kg every 3 weeks, 10 mg/kg every 3 weeks, or 10 mg/kg every 2 weeks of pembrolizumab intravenously.[@b41-tcrm-13-223] Patients were stratified into a training group (182 patients) or a validation group (313 patients) that identified a PD-L1 expression level of 50%. With regard to all patients, the ORR was 19.4% (95% CI: 16.0--23.2), the median duration of response was 12.5 months (range: 1.0--23.3 months), the median PFS was 3.7 months (95% CI: 2.9--4.1), and the median OS was 12.0 months (95% CI: 9.3--14.7). In patients with PD-L1 expression of at least 50%, the ORR was 45.2% (95% CI: 33.5--57.3), the median duration of response was 12.5 months (range: 2.1--23.3 months), the median PFS was 6.3 months (95% CI: 2.9--12.5), and the median OS was not reached (95% CI: 13.7 to not reached). The common adverse events were fatigue, pruritus, and decreased appetite with no difference according to dose or schedule. Notably, pembrolizumab was initially only indicated in advanced NSCLC patients with high PD-L1 expression (.50%). However, updated results of KEYNOTE-001 showed that in the training group, 79 patients with PD-L1 expression of at least 1% had a median OS of 22.1 months (95% CI: 16.7--27.2).[@b42-tcrm-13-223] Furthermore, in the validation group, 306 previously treated patients with PD-L1 expression of at least 1% had a median OS of 11.3 months (95% CI: 8.3--14.0).[@b42-tcrm-13-223]

Subsequently, pembrolizumab received approval to expand its second-line indication to all metastatic NSCLC patients with tumor PD-L1 expression of at least 1% based on the results of the KEYNOTE-010, a randomized, open-label, international, Phase II/III study of 1,034 patients with previously treated, PD-L1-positive, advanced NSCLC treated with pembrolizumab 2 mg/kg and 10 mg/kg, or docetaxel.[@b43-tcrm-13-223] The median OS was 10.4 months with pembrolizumab 2 mg/kg, 12.7 months with pembrolizumab 10 mg/kg, and 8.5 months with docetaxel. The OS was significantly longer with pembrolizumab 2 mg/kg versus docetaxel (HR =0.71, 95% CI: 0.58--0.88, *P*=0.0008) and with pembrolizumab 10 mg/kg versus docetaxel (HR =0.61, 95% CI: 0.49--0.75, *P*\<0.0001). Among patients with tumors expressing at least 50% PD-L1, the median OS was significantly longer with pembrolizumab 2 mg/kg than with docetaxel (14.9 versus 8.2 months, HR =0.54, 95% CI: 0.38--0.77, *P*=0.0002) and with pembrolizumab 10 mg/kg than with docetaxel (17.3 versus 8.2 months, HR =0.50, 95% CI: 0.36--0.70, *P*\<0.0001).

Importantly, pembrolizumab is currently the only immune checkpoint inhibitor approved for the first-line treatment of advanced NSCLC in eligible molecular subtypes (PD-L1 high, EGFR negative, and ALK negative). This was based on KEYNOTE-024, a randomized open-label trial in 305 previously untreated metastatic NSCLC patients with tumor PD-L1 expression of at least 50% treated with pembrolizumab (200 mg every 3 weeks) or platinum-based chemotherapy.[@b44-tcrm-13-223] Pembrolizumab demonstrated a significant improvement in PFS (HR =0.50; 95% CI: 0.37--0.68; *P*\<0.001) with a median PFS of 10.3 versus 6.0 months for those receiving platinum-based chemotherapy. A prespecified interim analysis also showed a significant improvement in OS (HR =0.60; 95% CI: 0.41--0.89; *P*\<0.005).

Atezolizumab
------------

Atezolizumab (Tecentriq^®^; Genentech), a monoclonal antibody targeting the PD-L1 ligand, is approved for the treatment of metastatic NSCLC after the failure of platinum-containing chemotherapy treatment. This was based on two randomized, open-label clinical trials (OAK and POPLAR) in a total of 1,137 patients with NSCLC, comparing safety and efficacy of atezolizumab (1,200 mg every 3 weeks) with docetaxel.[@b45-tcrm-13-223],[@b46-tcrm-13-223] Treatment with atezolizumab significantly improved OS: the median OS was 13.8 months in OAK (95% CI: 11.8--15.7) compared to 9.6 months (95% CI: 8.6--11.2) in the docetaxel arm (HR =0.74; 95% CI: 0.63--0.87; *P*=0.0004). The median OS in POPLAR was 12.6 months (95% CI: 9.7--16.0) and 9.7 months (95% CI: 8.6--12.0) (HR =0.69; 95% CI: 0.52--0.92) for the atezolizumab and docetaxel arms, respectively. The most common adverse events in patients treated with atezolizumab were fatigue, decreased appetite, dyspnea, cough, nausea, musculoskeletal pain, and constipation. The most common serious adverse events were dyspnea, pneumonia, hypoxia, hyponatremia, fatigue, anemia, musculoskeletal pain, aspartate transaminase increase, alanine transaminase increase, dysphagia, and arthralgia. As the other immune checkpoint inhibitors, patients receiving atezolizumab also experienced immune-related adverse events, including pneumonitis, hepatitis, colitis, and thyroid disease.

CTLA-4-targeted therapies
=========================

The CTLA-4 receptors are expressed on antigen-presenting cells as well as tumor cells and are overexpressed in many cancers. Activation of this receptor leads to inhibition of naive and memory T-cell functions, contributing to the development of cancer antigen tolerance in T cells.[@b36-tcrm-13-223] Currently, ipilimumab is the only approved anticancer agent targeting CTLA-4 and acts by preventing the receptor on antigen presenting cells from interacting with CD80/CD86 on T cells, which allows CD80/CD86 to interact with costimulatory receptors, thereby promoting immune activation.[@b47-tcrm-13-223]

Ipilimumab
----------

Ipilimumab (Yervoy^®^; Bristol-Myers Squibb), a monoclonal antibody targeting the CTLA-4 immune checkpoint, is approved for the treatment of advanced melanoma patients as monotherapy or in combination with nivolumab, in the second-line setting. Ipilimumab in combination with nivolumab is being investigated in a Phase III trial for the first-line treatment of NSCLC in the CheckMate-227, based on promising results from an earlier Phase I trial, CheckMate-012.[@b48-tcrm-13-223] In this study, patients with advanced NSCLC were randomized to receive nivolumab alone (3 mg/kg given every 2 weeks), nivolumab and ipilimumab given every 12 weeks, or nivolumab and ipilimumab given every 6 weeks. The overall response rates were 23%, 47%, and 39%, respectively, with similar rates of treatment discontinuation of 10% across all treatment groups, suggesting that tolerability was similar between monotherapy and combination treatments.[@b47-tcrm-13-223]

Emerging targeted therapies
===========================

Vemurafenib
-----------

Vemurafenib (Zelboraf^®^; Genentech), approved for patients with unresectable or metastatic melanoma with BRAF V600E mutation, is a kinase inhibitor that has shown activity against NSCLC but is currently not approved in NSCLC.[@b23-tcrm-13-223],[@b49-tcrm-13-223] In a histology-independent Phase II study with seven cancer cohorts that were all BRAF V600 mutation positive, 20 patients were enrolled in the NSCLC cohort.[@b49-tcrm-13-223] The ORR was 42% (95% CI: 20--67) with eight partial responses. The median PFS was 7.3 months (95% CI: 3.5--10.8), the 12-month rate of PFS was 23% (95% CI: 6--46), and the preliminary 12-month OS was 66% (95% CI: 36--85). The median OS had not yet been reached. Rash and fatigue were commonly experienced by patients.

Dabrafenib
----------

Dabrafenib (Tafinlar^®^; Novartis) is a kinase inhibitor approved for patients with unresectable or metastatic melanoma with BRAF V600E mutations that has shown activity against NSCLC but not approved for NSCLC.[@b37-tcrm-13-223],[@b38-tcrm-13-223],[@b50-tcrm-13-223] In a multicenter, nonrandomized, open-label, Phase II study, 84 patients with previously treated (at least one line of chemotherapy) and untreated stage IV metastatic BRAF (V600E)-positive NSCLC were treated with oral dabrafenib 150 mg twice daily.[@b50-tcrm-13-223] Patients with EGFR mutations or ALK rearrangements were eligible as long as they received a prior EGFR or ALK inhibitor, respectively. Four of the six untreated patients receiving first-line treatment with dabrafenib had achieved a partial response. The ORR for the 78 patients receiving dabrafenib as a second-line or later treatment occurred in 26 patients (33%; 95% CI: 23--45) with all 26 patients achieving a partial response. The median DOR was 9.6 months (95% CI: 5.4--15.2) and the median PFS was 5.5 months (95% CI: 3.4--7.3). Another single-arm, two-stage, Phase II study utilized a combination of dabrafenib and trametinib, an MAPK/ERK kinase (MEK) inhibitor, in 24 evaluable patients with advanced BRAF (V600E)-positive NSCLC who failed at least one line of chemotherapy.[@b38-tcrm-13-223] The ORR was 63% (95% CI: 41--81) with 15 partial responses observed in 6 weeks. Common adverse effects reported with dabrafenib were pyrexia, diarrhea, nausea, vomiting, decreased appetite, asthenia, cough peripheral edema, fatigue, and rash.

Trametinib
----------

Trametinib (Mekinist^®^; Novartis), originally approved by the FDA in 2013 in combination with dabrafenib for the treatment of patients with unresectable or metastatic melanoma with BRAF V600E or V600K mutations, is an MEK inhibitor that has shown activity against NSCLC but not currently approved for this indication.[@b38-tcrm-13-223],[@b39-tcrm-13-223],[@b51-tcrm-13-223] As previously mentioned, trametinib has shown activity in combination with dabrafenib in NSCLC, but it has also proven to have activity as monotherapy.[@b38-tcrm-13-223],[@b51-tcrm-13-223] In an open-label, multicenter, randomized, Phase II study, 129 patients with KRAS-mutant stage IV NSCLC were randomly assigned 2:1 to trametinib or docetaxel.[@b51-tcrm-13-223] The median PFS was 12 weeks with trametinib versus 11 weeks in the docetaxel arm (HR =1.14, 95% CI: 0.75--1.75, *P*=0.5197). The median OS was 8 months in the trametinib arm and not reached in the docetaxel arm (HR =0.97, 95% CI: 0.52--1.83, *P*=0.934). There were 10 (12%) partial responses in the trametinib arm and five (12%) partial responses in the docetaxel arm (*P*=1.0000). Although the results were similar, the clinical significance cannot be fully elucidated due to the underwhelming results and small sample size. Rash, diarrhea, nausea, vomiting, and fatigue were the adverse events reported with trametinib.

Cabozantinib
------------

Cabozantinib (Cabometyx^®^; Exelixis, South San Francisco, CA, USA) is a multi-TKI approved for progressive metastatic medullary thyroid cancer that has shown activity against NSCLC but is not approved for NSCLC currently.[@b39-tcrm-13-223],[@b40-tcrm-13-223] In a single-center, open-label, Phase II study, 20 patients with rearranged during transfection stage IV NSCLC were administered cabozantinib 60 mg orally daily.[@b39-tcrm-13-223] The ORR was 28% (95% CI: 10--53) with five partial responses. The median PFS was 7 months (95% CI: 3 to not reached), and the median OS was not reached. Patients commonly experienced fatigue, diarrhea, palmar-plantar erythrodysesthesia, transaminitis, and thrombocytopenia.

Indoximod
---------

Indoximod (NLG-8189; NewLink Genetics, Ames, IA, USA), an indoleamine 2,3-dioxygenase (IDO) inhibitor, is an immune checkpoint inhibitor with activity in NSCLC.[@b52-tcrm-13-223] IDO is involved in increasing the number of immunosuppressive T-regulatory cells. Thus, an inhibitor of this pathway can reverse this effect. The only reported in-man Phase I trial studied the combination of docetaxel and indoximod in 29 patients with metastatic solid tumors.[@b52-tcrm-13-223] Of these patients, 10 patients had NSCLC, of whom two of them showed a reduction in tumor size (56.5% and 8.2%). Common adverse events experienced with the combination of docetaxel and indoximod included anemia, fatigue, and hyperglycemia.

The question of KRAS mutations
==============================

An area of much needed research in NSCLC is KRAS-mutated tumors. Currently, there are no FDA-approved therapies for such mutations. However, the BATTLE-2 trial (a biomarker-integrated targeted therapy study in previously treated patients with advanced non-small cell lung cancer) is poised to address this issue.[@b53-tcrm-13-223] This was a randomized, Phase II, multicenter, open-label study that included 200 patients with advanced NSCLC (excluding sensitizing EGFR mutations and ALK gene fusions) refractory to more than one prior therapy who were stratified based on KRAS mutation status. Patients were stratified to receive erlotinib (arm 1), erlotinib and MK-2206 (arm 2), MK-2206 and AZD6244 (arm 3), or sorafenib (arm 4). MK-2206 is an allosteric protein kinase B inhibitor, while AZD6244 is an MEK inhibitor, two agents with promise against KRAS-positive cancers. Twenty-seven percent of the study participants were KRAS mutant positive. The primary end-point was 8-week DCR. Overall, the DCR was 48% with 32% in arm 1, 50% in arm 2, 53% in arm 3, and 46% in arm 4. The DCR in KRAS mutant positive patients was 20% in arm 1, 25% in arm 2, 62% in arm 3, and 44% in arm 4. In KRAS wild-type patients, the DCR was 36% in arm 1, 57% in arm 2, 49% in arm 3, and 47% in arm 4. Patients with KRAS mutant positive tumors experienced a statistically longer PFS if treated with therapy that did not contain erlotinib with a median PFS of 1.8 months with arms 1 and 2 combined versus 2.5 months with arms 3 and 4 combined (HR =1.95, 95% CI: 1.00--3.77, *P*=0.04). However, there was no difference in OS seen among patients who were KRAS mutant positive receiving erlotinib or not. The most common grade 3/4 adverse effect seen in the combined MK-2206/AZD6244 arm was maculopapular rash.

Role and potential impact of nivolumab
======================================

The World Health Organization estimated that there were 1.53 million new cases of NSCLC in 2012. In addition, 75% of these patients will progress to have metastatic diseases.[@b54-tcrm-13-223] Currently, a category 1 recommendation is in place from the National Comprehensive Cancer Network for nivolumab as second-line therapy for advanced or metastatic NSCLC of either squamous etiology or nonsquamous etiology.[@b15-tcrm-13-223] Nivolumab will have a significant impact on this population of patients because of its clinical efficacy and its economic costs. Nivolumab has a yearly cost of \~\$64,860,[@b55-tcrm-13-223] which, according to Walstra, was not cost-effective compared to docetaxel in all patients treated with NSCLC in the Swiss Health Care System (\$177,478/quality-adjusted life year (QALY) versus \$133,267/QALY, respectively, in US\$). However, when looking at patients with PD-L1 status at both 1% and 10%, PD-L1 expression produces an incremental cost-effectiveness ratio of \$65,744/QALY and \$37,860/QALY, respectively,[@b55-tcrm-13-223] thus significantly increasing the years gained compared to docetaxel. More research needs to be done to determine its cost-effectiveness in the US health care system.

The results from CheckMate-026 and KEYNOTE-001 beg the question, "Does measuring PD-L1 expression matter to determine if a favorable result will occur?" Currently, the efficacy and economic data suggest that monitoring for PD-L1 expression may be worthwhile in determining whether to utilize an immune checkpoint inhibitor in advanced NSCLC. Although nivolumab did not meet its PFS endpoint as first-line therapy in the patients with advanced NSCLC, additional analyses are underway to determine whether raising the PD-L1 expression threshold can identify patients more likely to benefit from treatment and other trials are ongoing to determine whether nivolumab combined with other treatments yields clinical benefits in the second-line treatment of NSCLC. This will be further compounded by the introduction of PD-1/PD-L1-directed therapy in the first-line setting in NSCLC. With the approval of pembrolizumab in the first-line setting, we are now seeing an evolution in the role of PD-1-directed therapy. Pembrolizumab is approved under very specific indications in the first-line setting, with the most important being the requirement of \>50% PD-L1 expression.[@b41-tcrm-13-223] It is important to recognize that this may only represent a small proportion of patients who express this level of PD-L1 (\~25% of those screened).[@b41-tcrm-13-223] In contrast, the original nivolumab trials did not require expression to utilize nivolumab for treatment. The available evidence in lung cancer suggests that PD-L1 expression is not only a predictor of response, but it will also be a requirement for future drug approval in order to compete with pembrolizumab's place in therapy.

Conclusion
==========

Trials are underway evaluating the combination of nivolumab and ipilimumab, or platinum chemotherapeutic agents, or erlotinib for treatment-naive advanced NSCLC.[@b48-tcrm-13-223] Interestingly, nivolumab is also being evaluated in early-stage NSCLC as adjuvant therapy postsurgery and chemotherapy.[@b56-tcrm-13-223],[@b57-tcrm-13-223] Ultimately, the combinations and possibilities with nivolumab for NSCLC are multiple, and the findings from these current as well as future research efforts will clarify the role of nivolumab in the management of NSCLC.
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###### 

Targeted therapies approved for NSCLC

  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Agent           Target    Class             FDA approval date and NSCLC indication
  --------------- --------- ----------------- ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Erlotinib       EGFR      TKI               2013; first-line treatment for NSCLC whose tumors have EGFR exon 19 deletions or exon 21 (L858R) substitution mutations as detected by an FDA-approved test\
                                              No longer approved for maintenance treatment (2010) or second-line treatment (2004) of NSCLC patients who do not have the above EGFR mutations

  Bevacizumab     VEGF      IgG1, humanized   2006; NSCLC, with carboplatin and paclitaxel for first-line treatment of unresectable, locally advanced, recurrent or metastatic disease

  Crizotinib      ALK\      TKI               2011; locally advanced or metastatic NSCLC that is ALK-positive as detected by an FDA-approved test\
                  ROS1                        2016; metastatic NSCLC that is ROS1-mutation positive

  Afatanib        EGFR      TKI               2013; metastatic NSCLC whose tumors have EGFR exon 19 deletions or exon 21 (L858R) substitution mutations as detected by an FDA-approved test

  Ceritinib       ALK       TKI               2014; ALK-positive metastatic NSCLC who have progressed on or are intolerant to crizotinib

  Ramucirumab     VEGFR-2   IgG1, human       2014; in combination with docetaxel for the treatment of patients with metastatic NSCLC with disease progression on or after platinum-based chemotherapy

  Alectinib       ALK       TKI               2015; ALK-positive, metastatic NSCLC who have progressed on or are intolerant to crizotinib

  Gefitinib       EGFR      TKI               2015; metastatic NSCLC whose tumors have EGFR exon 19 deletions or exon 21 (L858R) substitution mutations as detected by an FDA-approved test

  Necitumumab     EGFR      IgG1, human       2015; indicated in combination with gemcitabine and cisplatin for the first-line treatment of patients with metastatic squamous NSCLC

  Osimertinib     EGFR\     TKI               2015; metastatic EGFR T790M mutation-positive NSCLC as detected by an FDA-approved test, who have progressed on or after EGFR TKI therapy
                  T790M                       

  Nivolumab       PD-1      IgG4, human       2015; metastatic NSCLC and progression on or after platinum-based chemotherapy.\
                                              Patients with EGFR or ALK genomic tumor aberrations should have disease progression on FDA-approved therapy for these aberrations prior to receiving nivolumab

  Pembrolizumab   PD-1      IgG4, humanized   2015; metastatic NSCLC whose tumors express PD-L1 (tumor proportion score ≥1%) as determined by an FDA-approved test and who have disease progression on or after platinum-containing chemotherapy\
                                              2016; first-line treatment of metastatic NSCLC whose tumors have high PD-L1 expression (tumor proportion score ≥50%) as determined by an FDA-approved test (Patients with EGFR or ALK genomic tumor aberrations should have disease progression on FDA-approved therapy for these aberrations prior to receiving pembrolizumab.)

  Atezolizumab    PD-L1     IgG1, humanized   2016; metastatic NSCLC and progression on or after platinum-based chemotherapy.\
                                              Patients with EGFR or ALK genomic tumor aberrations should have disease progression on FDA-approved therapy for these aberrations prior to receiving atezolizumab
  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

**Abbreviations:** ALK, anaplastic lymphoma kinase; EGFR, epidermal growth factor receptor; FDA, US Food and Drug Administration; IgG, immunoglobulin G; NSCLC, non-small cell lung cancer; PD-1, programmed cell death 1 receptor; PD-L1, programmed death-ligand 1; ROS1, receptor of silencing 1; TKI, tyrosine kinase inhibitor; VEGF, vascular endothelial growth factor; VEGFR, VEGF receptor.

###### 

Trials leading to FDA approval of targeted therapies for advanced NSCLC

  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Reference            Phase    Subjects (N)   Setting                                                        Regimen                                                               Comparison arm                                                            Target    Median PFS   Median OS   ORR (%)
  -------------------- -------- -------------- -------------------------------------------------------------- --------------------------------------------------------------------- ------------------------------------------------------------------------- --------- ------------ ----------- ---------
  [@b10-tcrm-13-223]   III      731            Second or third line                                           Erlotinib                                                             Placebo                                                                   EGFR      2.2          6.7         8.9

  [@b11-tcrm-13-223]   III      889            Maintenance after four cycles of platinum-based chemotherapy   Erlotinib                                                             Placebo                                                                   EGFR      3.1          12.0        11.9

  [@b12-tcrm-13-223]   III      174            First line                                                     Erlotinib + cisplatin (or carboplatin) + docetaxel (or gemcitabine)   Cisplatin (or carboplatin) + docetaxel (or gemcitabine)                   EGFR      9.7          19.3        58

  [@b5-tcrm-13-223]    III      878            First line                                                     Bevacizumab + carboplatin + paclitaxel                                Carboplatin + paclitaxel                                                  VEGF      6.2          12.3        35

  [@b26-tcrm-13-223]   I        116            First line                                                     Crizotinib                                                            None                                                                      ALK       --           --          61

  [@b26-tcrm-13-223]   II       135            Second line                                                    Crizotinib                                                            None                                                                      ALK       --           --          50

  [@b29-tcrm-13-223]   I        50             First or second line                                           Crizotinib                                                            None                                                                      ROS1      19.2         --          72

  [@b18-tcrm-13-223]   III      364            First line                                                     Afatanib                                                              Cisplatin + gemcitabine                                                   EGFR      11           22.1        66.9

  [@b30-tcrm-13-223]   I        163            Second line                                                    Ceritinib                                                             None                                                                      ALK       8.3          16.7        56

  [@b33-tcrm-13-223]   II       1,253          Second line                                                    Ramucirumab + docetaxel                                               Docetaxel                                                                 VEGFR-2   4.5          10.5        23

  [@b31-tcrm-13-223]   II       87             Second line                                                    Alectinib                                                             None                                                                      ALK       8.1          --          52

  [@b23-tcrm-13-223]   II       138            Second line                                                    Alectinib                                                             None                                                                      ALK       8.9          --          50

  [@b15-tcrm-13-223]   IV       106            First line                                                     Gefitinib                                                             None                                                                      EGFR      9.7          19.2        69.8

  [@b8-tcrm-13-223]    III      1,093          First line                                                     Necitumumab + cisplatin + gemcitabine                                 Cisplatin + gemcitabine                                                   EGFR      5.7          11.5        31

  [@b21-tcrm-13-223]   II       411            Second line                                                    Osimertinib                                                           None                                                                      EGFR\     11           --          66
                                                                                                                                                                                                                                                              T790M                              

  [@b39-tcrm-13-223]   III      272            Second line                                                    Nivolumab                                                             Docetaxel                                                                 PD-1      3.5          9.2         20

  [@b37-tcrm-13-223]   III      582            Second line                                                    Nivolumab                                                             Docetaxel                                                                 PD-1      2.3          12.2        19

  [@b13-tcrm-13-223]   I        495            Second line                                                    Pembrolizumab                                                         None                                                                      PD-1      3.7          12.0        19.4

  [@b42-tcrm-13-223]   II/III   1,034          Second line                                                    Pembrolizumab                                                         Docetaxel                                                                 PD-1      3.9          10.4        18

  [@b43-tcrm-13-223]   III      305            First line                                                     Pembrolizumab                                                         Cisplatin (or carboplatin) + pemetrexed (or paclitaxel; or gemcitabine)   PD-1      10.3         --          44.8

  [@b44-tcrm-13-223]   II       287            Second line                                                    Atezolizumab                                                          Docetaxel                                                                 PD-L1     2.7          12.6        14.3

  [@b45-tcrm-13-223]   III      850            Second line                                                    Atezolizumab                                                          Docetaxel                                                                 PD-L1     2.8          13.8        13.6
  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

**Abbreviations:** ALK, anaplastic lymphoma kinase; EGFR, epidermal growth factor receptor; FDA, US Food and Drug Administration; NSCLC, non-small cell lung cancer; OS, overall survival; ORR, objective response rate; PD-1, programmed cell death 1; PFS, progression-free survival; VEGF, vascular endothelial growth factor; VEGFR, VEGF receptor.
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